I. INTRODUCTION
During the continuous improvement of computers' performance, transistors have followed the trend of Moore's law [1] by doubling their number in integrated circuits approximately every two years since 1965 (green curve on Figure 1 ). To increase their numbers on computer chips, transistors became smaller and smaller. Another trend linked to computer performance that followed the Moore law was the clock speed of the central processing unit (CPU) , that indicates the number of operation performed by a chip per unit of time. There are two main issues regarding these trends. By becoming increasingly smaller, transistors are more prone to quantum tunnelling. Additionnaly, increasing the frequency of transistors also pro- Figure 1 : CPU scaling showing transistor density, power consumption, and efficiency from [2] . * Electronic address: huu.c.nguyen@student.uclouvain.be † Electronic address: mretout@ulb.ac.be ‡ Electronic address: Gildas.Lepennetier@tum.de duce more heat [2] . Both effects lead to current leakage problems which is such an issue that manufacturer have to limit the clock speed of their transistors. It can be seen as a plateau of the dark blue curve on Figure 1 . The origin of these phenomena comes from the behaviour of the electron and its quantum properties. Since the shrinking of the transistors are bound to reach the atomic size at some points, quantum effects will be unavoidable and it is therefore important to understand them to design new transistors. This review compiles the work of research groups that have developed so-called single-atom transistors (SAT). We first present a short introduction on the basic of transistors in section II. We first briefly introduce the basic of transistors in section II. Then, we present experimental techniques used to build SAT in section III. In section IV, we describe the principles behind the technologies of four families of SAT. And finally in section V, we conclude this review with a summary of the performances of these SAT and their limitations. It is worth mentioning that this review does not include SAT not yet tested experimentally or solely designed for quantum computing [13] [14] [15] [16] .
II. BASIC OF TRANSISTORS
Classical computers uses transistors to perform logical operations with 0 and 1. To be considered as a transistor, the device must act like a switch as shown in Figure 2 . Switching between an OFF and an ON state must be reproducible and controlled. The transistors presented in this review have three terminals, like most modern transistors [3] :
• Source (S): The terminal through which the electrons enter.
• Drain (D): The terminal through which the electrons exit.
• Gate (G): The terminal that modulates the channel's conductivity. Semiconductors such as silicon have a conduction band, a valence band and a forbidden energy gap in between. Bands are in fact closely packed energy levels where electrons can stay. The valence band is usually filled so no electron in this band can move while the conduction band is at higher energy and is only partially filled. In a solid, this allows the electrons from the conduction band to move and participate in a current flow. In reality, the valence is completely filled only at 0 • K. Since energy level occupation follow the Fermi-Dirac distribution, when the temperature increases the valence band is less filled which can cause current leakage.
Transistors made of semiconductors materials usually need to be doped in order to obtain the desired electronic properties [18] . Doping is an intentional introduction of impurities into the semiconductor for the purpose of modulating its electrical properties. The addition of a dopant has two possible outcomes: 1) more electrons -i.e. more negative charges -can be added to create ntype transistors, rising the Fermi level 1 or 2) the creation of 'holes' that add positive charges to create p-type transistors, decreasing the Fermi level . At the nanoscale, the exact number and position of the dopant atoms will determine the type of transistors [19] .
The presented single-atom transistors do not necessarily need to be doped nor have all the three terminals contained inside a single atom. They work thanks to very interesting phenomena appearing at the nanoscale. However, before talking about the mechanisms of these single-atom transistors, we have to investigate the methods and techniques used to build them. Photolithography is a commonly used method to build commercial transistors but it does not suit the requirements for single-atom transistors because it does not allow to move accurately a single atom. [4] . Research groups have used different approaches described below to build their prototypes.
III. BUILDING TECHNIQUES
Each research group used various techniques to build and determine the properties of their prototypes. Here we present the main tools and principles common to most research groups. A detailed review of these methods can be found in [4] .
A. Electromigration
Electromigration is the result of momentum transfer from the electrons, which move in the applied electric field, to the ions contained in the lattice of the material. Uncontrolled electromigration can cause several kinds of failures in electronic component [8, 9] . However, by carefully tuning the current, electromigation can be used to move atoms towards the desired place [10] .
B. Scanning Tunneling Microscope
The Scanning Tunneling Microscope (STM) allows to measure the conductance of a molecule and to see the atoms at a resolution of 0.1 nm. The image of the probed surface is reconstructed by analysing the current flowing through the STM tip [5, 6] which is sometime called STM topography. They can also be used on quatum points contact as a two-terminal conductance switching devices [7] and move atoms via electromigration which is sometime called STM lithography [23, 24] .
C. Molecular Break-junction
The Molecular break-junction is a technique where a thin metallic wire on a flexible support is bent until it breaks [11] . The separated wires form the electrodes and the gap between them is then bridged by a covalently bonded molecule to form a molecular junction. By controlling the pushing (∆z), the gap width (∆x) can be very well controlled with a precision up to a picometre (10 −12 m) [12] (See Figure 3 ). The part of the wire that will break is usually immersed in a solution that contains the molecules of interest that will anchor to the wire once it is broken. 
D. Electrochemical deposition
The Electrochemical deposition technique uses a device similar to molecular break-junction after breaking the metallic wire but without mechanical pushing rod. The two electrodes are separated by a gap and are in a solution containing the ions of interest. By controlling the potential between the electrodes, the ions will aggregate on the electrode surface. The width of the constriction can be adjusted by slowly dissolving metal atoms away or redepositing atoms onto the constriction which can be controlled solely by the electrode potential. This method avoids the mechanical stress induced in Molecular Break-junction that can cause unwanted defects.
IV. SINGLE-ATOM TRANSISTORS PRINCIPLES
Controlling the charge transfer on a single atom can be very difficult [17] . Here we present 4 types of transistors based on different technologies.
A. Single-Atom doping
Several research groups were able to make transistors by adding a single doping atom. Two research groups [23, 24] were able to accurately place a single doping phosporus atom on H-passivated Si surface using STM lithography. This resulted in a n-type doping since phosphorus has more valence electrons than silicium. The method used is a four-steps process : (i) The STM removes H atoms around the site where we want the dopant to be, (ii) PH3 gas is injected at room temperature and is fixed to the surface as PH2, (iii) the surface is heated at 350
• C until a single P atom is incorporated to the surface layer which cause the ejection of a Si atom and remove the excess of P atoms (See Figure 4) . Other research groups [21, 25, 26] have used other elements such as Gallium (Ga) to study how this p-type doping affect Figure 4 : STM picture of the system doped with a single phosphorus atom from [23] . The ejected Si atom is replaced by a single P atom in the lattice.
the behaviour of a single Si dangling bond using similar techniques to build their systems.
Each research group had to ensure that their devices operate correctly and was stable under working conditions. They used either Tight-binding 2 or Density Functional Theory 3 simulations to predict the behaviour of their devices and then experimental measurements to check that their devices operated as designed. These devices are usually studied at a temperature close to 0
• K. This has to ensure that the extra discrete energy level coming from the doping will be visible and that the valence band is always full (energy levels' occupancy follows the Fermi-Dirac distribution) to avoid unwanted tunnelling current. The experiments done by each groups were in good agreement with their simulations as it showed new available discrete energy level as one can expect from single-atom doping (See Figure5).
2 Tight-Binding [22] is a semi-empirical model where the full Hamiltonian of the system is approximated by the Hamiltonian for isolated atoms by using a Hartree-product ansatz. Then we assume that the eigenfunctions of the single-atom Hamiltonian are very small at distances exceeding the lattice constant, so that the lattice sites can be treated independently. One important point in the tight-binding model is that the electrons behave in a solid almost as if they were in vacuum but with a different mass. This leads to the effective mass equation which is very similar to the Schrödinger equation 3 The Kohn-Sham formulation of Density Functional Theory (DFT) [20] allows to map a full interacting system with the real N -body potential from the Schrödinger equation onto a fictitious non-interacting system whereby the electrons move within an effective Kohn-Sham single-particle potential. The Kohn-Sham method is still exact since it yields the same ground state density as the real system. 
B. Single electron transistor
Single-electron transistor (SET) [27, 28] are devices that have a source, a drain and in the center, a quantum dot (QD) sometimes called artificial atom because it has clearly separated energy levels. Working at temperature close to 0K, for the same reasons as in singleatom doped transistors, the current will flow only if the electrons from the source have an energy above the drain and also at least one available energy level in the QD between the energy levels of the electrodes. When there are no energy levels available, the QD acts as a off-switch and no current can pass through. This phenomenon is called Coulomb Blockade. More explicitly, when an electron leave the source, it has an energy equals to µ S , it can only occupy energy levels of the QD, E n smaller or equal to µ S . Once in the dot, the electron will reach the drain only if the chemical potential of the drain µ D is smaller than the occupied energy in the dot. This can be summarize with the relation µ S > E n > µ D (see Figure  6 ).
To turn on or off the QD, one can tune the sourcedrain potential, V SD that change the chemical potential (µ S and µ D ) (red in Figure 6 left) of the leads and the potential of the gate, V G (blue in Figure 6 left) that influences the energy levels of the QD.
Another source of energy levels come from the spin interaction with an external magnetic field. Electrons with spin up or down behaves differently under the same magnetic field. In practice, it is the Zeeman effect that lift the degeneracy of the energy levels [29] . This creates additional energy levels available in the QD (Green doted lines in Figure 6 ), that can be used for a transistor as it had been observed experimentally in [29] (see Figure  7) . A correct theoretical treatment of this effect requires to change the Schrödinger equation to include spin-orbit coupling or the use the Dirac equation that naturally includes them [30] . Finally, there is the effect of magnetic impurities at low temperature called Kondo effect. At very low temperature (below 10 K) some metal like Pb, Nb, Al for example lose all resistance and become superconducting. While others such as Cu or Au have a finite resistance and we observe that their resistivity increases with the number of magnetic defects present (see Figure 9a) . The origin of this phenomenon is the Kondo resonance 4 which is the coupling of an unpaired electron in the impurity and an electron in the surrounding. The Kondo resonance allows electron transfer from the QD when it would be normally forbidden in a Coulomb blockade situation. The mechanism can be described in its simplest case as follow (see Figure 8 ).
(i) For a given electron with a given spin in the QD coupled to the electron in the source that has the opposite spin as initial state. It is in a Coulomb blockade situation since the energy level of the electron in the QD is lower than the energy level of the source and drain. (ii) The Heisenberg incertitude principle applies on the energy of the energy level of the electron in the dot. It is possible for the electron in the dot to reach an excited energy level that is above the level of the drain and therefore exit in the drain. This virtual state is only possible for a very short amount of time with respect to the Heisenberg incertitude principle ∆E · ∆t ≥h/2. (iii) The dot has an available energy level that will be filled by the paired electron from the drain in the final state. This results in the spin switch from the electron inside the QD and the electron in the leads.
One of the main distinctions between a quantum dot and a macroscopic bulk metal is their different geometries. In a metal, the electron states are plane waves, and scattering from impurities in the metal mixes electron waves with different momenta in any direction. This momentum transfer increases the resistance. In a quantum dot, however, all the electrons have to travel through the device, as there is no other electrical path around it. In this case, the Kondo resonance makes it easier for states belonging to the two opposite electrodes to mix. This mixing increases the conductance (i.e. decreases the resistance). In other words, the Kondo effect produces the opposite behaviour in a quantum dot to the one in a bulk metal [29, [32] [33] [34] [35] . If the number of electron in the QD (N ) is odd there is an unpaired electron with a free spin which can form a singlet with electrons at the Fermi level in the leads. This coupling results in a greater density of states at the Fermi level of the leads [36] . The Kondo effect does not occur when the dot contains an even number of electrons and the total spin adds up to zero [33] (see Figure 9b) . Increasing the temperature destroys the singlet and attenuates the conductance.
Such single electron transistors have effectively been built using Molecular Break-junction and STM lithography techniques with a single atom of Cobalt [29] or Arsenic [35] as the QD. The coulomb blockade and Kondo effect have been observed using these single gate-tunable atom. Figure 9 : (a) As the temperature of a metal is lowered, its resistance decreases until it saturates at some residual value (blue). Some metals become superconducting at a critical temperature (green). For metals that contain magnetic impurities, the resistance increases at low temperatures due to the Kondo effect (red). (b) Conductance of a QD in function of the temperature. The Kondo effect is present when the number of electron is odd in a QD (red). The Kondo effect does not occur when the dot contains an even number of electrons in the QD (blue). Picture edited from [33] .
C. Single-Atom metallic wire
The transistors presented above combine electronic components made of different kinds of elements with different electronic properties so that they act as switch when put together. As each part was connected, low temperature was necessary to avoid unwanted tunnelling current. [37] [38] [39] [40] [41] [42] [43] . Edited from [38] Some groups [37] [38] [39] [40] [41] [42] [43] [44] have taken a completely different approach as they have successfully managed to create single-atom transistors made of pure metals that behave even more like an everyday common switch since they effectively close/open the wire to switch on/off the current.
To build their devices, they have used electrochemical deposition techniques [45, 46] (see Figure 10 ). Starting from a gold electrodes spaced by about 100 nm in a solution containing either silver (Ag) [37] [38] [39] [40] [41] [42] [43] or lead (Pb) [44] , the metallic atom will fill the gap gradually. The newly formed wire is made to have only a single bridging atom as contact. This can be ensured experimentally as the conductance of a metallic wire made of a single atom is equal to the quantum of conductance [47] , G 0 = 2e 2 /h where e is the electron charge and h the Planck's constant. Finally, a gate is used to control the single bridging atom. Changing the potential of the gate U g changes the measured Source-Drain conductance from 0 to 1 G 0 (G SD ) as shown in Figure 11 . Their results indicate that the gate effectively move the bridging atom and can reproducibly operates at room temperature. Figure 11 : Experimental measurement of the source-drain conductance (GSD)(red curves) is directly controlled by the gate potential (UG) (blue curves) in [37] [38] [39] [40] [41] [42] [43] .
D. Multilevel atomic-scale switching
Using the same Single-Atom metallic wire devices, described in the previous section, made of Ag [38, [48] [49] [50] [51] or Al [51] , research groups have shown that it is possible to switch between more than only two on/off states. Simulations and measurements demonstrated that there are multiple stable geometrical conformations as shown in Figure 12b that have different quantized conducting states (see Figure 12a ) depending on the number of atoms that make the cross section of the wire (see Figure 12c) .
It is possible to switch from an off state were the conductance is equal to 0 to any of these conducting states but also from one of these states to another as shown on Figure 13 . The last possibility does not require the contact to be broken and operates as a multi-level atomic quantum transistor. Such multi-level logics and storage devices on the atomic scale would be of great interest as they could allow a more efficient data storage and processing with a smaller number of logical gates. They are however much slower than conventional transistors since their frequency is much lower. 
V. LIMITATIONS AND CONCLUSIONS
We have presented four proof-of-concept technologies of transistors at the atomic scale. SAT based on SingleAtom doping and Single electron transistor can operate at maximum frequency but requires a constant cooling as they can operate only at very low temperature. SAT based on Single-Atom metallic wire and Multilevel atomic-scale switching operate at room temperature but require to be in an ionic solution and operate only at very low frequencies that might be compensated by multi-level logic gates. However, they are still far from immediate commercial use since experimental conditions differ greatly from every day normal conditions (temperature, pressure, environment,...) and the techniques used to build them is currently too expensive for mass production compared to today commercial semi-conductor transistors [52] .
Despite these facts, each presented SAT represent a technological breakthrough since it operates as a switch and is stable under working conditions as intended.
